Introduction
Neuropathic pain refers to pain syndromes caused by nervous system injuries or disease, which are often manifested as spontaneous pain. Allodynia and hyperalgesia can develop due to metabolic abnormalities, infection, compression, trauma, poisoning, cancer, ion channel and autoimmune disorders, and other causes.
Symptoms of pain may persist after the injury［1,2］. This important health issue constitutes a challenge for modern medicine worldwide. The management of neuropathic pain remains a major clinical challenge due to the inadequate understanding of pathophysiological mechanisms underlying neuropathic pain. The chronic constriction injury (CCI) rat model has been used as a model of neuropathic pain because rats subjected to CCI behave analogously to humans with neuropathic pain ［3］ . Adenosine triphosphate (ATP) is an important messenger molecule involved in pain information transmission［4,5］. ATP acts on P2X receptors, which play a pivotal role in the formation and regulation of neuropathic pain. Receptors of the P2X2/3 subtype participate in the transmission of algesia and nociception information by primary sensory neurons［6］. P2X2/3 receptors also play an important role in the production and maintenance of multiple acute and chronic pain sensations. However, the mechanisms underlying the up-regulation and activity of P2X2/3 receptors in some chronic models are not very clear.
A C C E P T E D M A N U S C R I P T
Immune rejection is a key factor influencing the outcome of tissue or cell transplantation. Micro-encapsulation is an important immune isolation technique in cell transplantation. The basic principle of micro-encapsulation is the embedding of cells or tissue in a specific coating using chemical methods［7］. The microcapsule membrane allows nutrients, oxygen, and other small molecules to pass through freely.
However, the passage of macromolecules, such as immunoglobulins, is blocked. This provides an immunoprotective microenvironment for intracystic cells, which protect the graft from the host immune system, allowing it to survive and secrete the therapeutic substance［8,9］. We have previously shown that the transplantation of micro-encapsulated olfactory ensheathing cells can relieve pain in CCI model rats
［10］.
In the peripheral nervous system, SCs contribute greatly to axonal growth and the production of myelin sheaths around axons. SCs are also essential for endogenous repair of peripheral and central axons after injury［11,12］. SCs proliferate and secrete a variety of neurotrophic factors［13］, such as nerve growth factor, brain-derived neurotrophic factor, ciliary neurotrophic factor, neurotrophin-4/5, and glial cell-derived neurotrophic factor. SCs are not only closely related to the growth, development, differentiation, and functional maintenance of nerve cells, but are also closely related to neuronal damage. SCs can in fact promote neuronal survival and promote neuronal growth. Therefore, they play a very important role in peripheral nerve injury after the nerve regeneration process［14,15］. A large number of experiments have shown that the transplantation of SCs affects repair processes following sciatic nerve injury and spinal cord injury. In addition, SC transplantation promotes the regeneration of neuronal axons and myelin formation, and reduces the inflammatory response. Current research is focused on the effects of SCs on reparation of nerve injury. One question of interest is whether transplantation of SCs or micro-encapsulated SCs (MC-SCs) has any analgesic effects. It is not clear whether the transplantation of SCs or MC-SCs affects the P2X2/3 receptor pathways. Here we investigated the effects of SCs and MC-SCs on P2X2/3 receptor-mediated neuropathic pain and explored different mechanisms for neuropathic pain prevention A C C E P T E D M A N U S C R I P T and treatment.
Materials and Methods

Experimental Animals
Healthy Sprague-Dawley (SD) rats of both sexes weighing 180-200 g were provided by the Department of Laboratory Animal Science, Nanchang University, China. All protocols were approved by the Animal Care and Ethics Committee, Medical School, Nanchang University, China.
Establishment of the CCI model
A chronic neuropathic pain model was induced by subjecting the sciatic nerve to CCI in rats［16］. After preoperative measurements of locomotor behavior, the rats were injected intraperitoneally (i.p.) with a 1% sodium pentobarbital (40 mg/kg). Under aseptic conditions, the biceps femoris muscle was dissected by bluntly separating it from the sciatic nerve trunk immediately using 4-0 chromic catgut ligation (at a distance of about 1 mm). Ligation of the sciatic nerve can be observed a slight reduction in the nodular diameter accompanied by a tic on the right hind limb after suturing. We made sure that the ligation was not overly tight in order to avoid a complete blocking nerve ligation in the peripheral blood film. A reduced pain threshold and walking impairments were used to confirm the success of the model ［17］.
Cultivation of SCs
The RSC96 cell line consists of spontaneously immortalized rat SCs derived from the long-term cultivation of primary rat SCs. RSC96 cells were purchased from the BaNa Cultivation Collection of the Beijing Beina Chuanglian Biotechnology Institute (Beijing, China), and were cultivated in Dulbecco's Modified Eagle's Medium (Boster; Wuhan, China) supplemented with 10% fetal bovine serum (Cellmax; Beijing, China) in a cell incubator at 37°C (95% relative humidity, 5% CO2). Cell growth was monitored intermittently.
Preparation of MC-SCs
The density of the SC suspension was adjusted to 1 × 10 9 /L based on quantification using an inverted microscope. The survival rate of the cells was determined using
Trypan Blue staining after>95%. The cell suspension was then mixed in a 1:1 ratio with 1.5% alginic acid solution (Solarbio; Beijing, China). The cell suspension was transferred to a dual-chamber sprayer. The SCs were dropped into a 1.5% CaCl2 solution to form gelled microspheres and harvested by decantation. After washing twice in 0.85% NaCl, the gelled microspheres were suspended in 0.05% poly-L-lysine solution (Solarbio) for 10 minutes to form a semipermeable membrane. The coated capsules were washed with 0.85% NaCl and then suspended for 10 minutes in 0.12% sodium alginate (Solarbio). This suspension formed the outer layer of the membrane.
The samples were mixed gently without stirring and were precipitated. The supernatant was discarded. After two washes with 0.85% NaCl, the microcapsules were suspended in just enough NaCl to cover the sedimentary microcapsules［18］.
Cell Implantation
The rats were randomly assigned into four groups: the Sham group, where the sciatic nerve was isolated but not constricted; the CCI group; the group of CCI rats treated with SCs (CCI+SCs); and the group of CCI rats treated with MC-SCs (CCI+MC-SCs). The SC suspension and microcapsules were in a suspension volume of 0.5 µl (60 × 10 3 cells) into the region surrounding the injured nerve in rats subjected to CCI. The incision was then closed surgically and all animals were returned to their cages, where they were provided with food and water.
Measurement of mechanical withdrawal threshold
Two independent observers who were not involved in the surgery of CCI model performed the behavioristics measurement. Each observer reviewed each group rats 3 times independently. The rats were placed in a transparent Plexiglas box (22 × 12 × 22 cm 3 ) before surgery (day 0) and 2, 4, 6, 8, 10, 12, and 14 days after surgery. A wire mesh (1 × 1 cm 2 ) in the bottom of the box allowed assessment of the mechanical withdrawal threshold (MWT) using Von Frey filaments. The assessments were performed between 10:00 and 12:00. The rats were placed in the box for 30 minutes before testing. The test was performed using a starting minimum bending force of 0.13 g and continued until a withdrawal response occurred or until the force reached 20.1 g (the cut-off value). The right hind paws were tested alternately at 2-minute
Successive filaments were applied 10 times each until the withdrawal threshold reached 50%. The experiments were performed in triplicate and the mean of the three values was calculated. An inter-stimulus interval of at least 15 seconds was used to allow stimulus-induced responses, such as foot-licking and leg-flicking, to disappear completely［19,20］.
Measurement of thermal withdrawal latency
The animals were first placed in a transparent, square, bottomless box on a glass plate for an acclimation period of at least 30 minutes. Noxious heat stimulation for assessment of thermal hyperalgesia was applied using the BME-410C Thermal Paw Stimulation System. A beam of radiant heat was oriented toward the plantar surface of the rat's paw through the glass plate. The light beam was turned off when the rat lifted the paw. The time between the beginning of the application of the light beam and the elevation of the foot was measured. This time was designated as the paw withdrawal latency. The hind paws were tested alternately at 5-minute intervals. The cut-off time for heat stimulation was 30 seconds.
Ultrastructural changes in the injured sciatic nerve observed using transmission electron microscopy
The injured sciatic nerves on the operative side in the rats in each group were separated and fixed in 2.5% glutaraldehyde fixative (GUGE Biotechnology; Wuhan, China) for 2 hours at 4°C. The specimens were then quickly sent to Wuhan Biofavor Biotech Service Co., Ltd. (Wuhan, China) for transmission electron microscopy (TEM), which was used to study ultrastructural changes in the injured sciatic nerve.
Immunofluorescence double-labeling
The tissues were then incubated in 4% paraformaldehyde overnight at 4°C. They were then sequentially transferred to 15% and 30% sucrose solutions for overnight dehydration at 4°C. The tissues were sliced into 10-µm-thick sections using a cryostat and placed on glass slides covered with poly-L-lysine. They were washed with phosphate-buffered saline (PBS) three times at room temperature. They were then blocked with 5% bovine serum albumin for 30 minutes at room temperature. The
sections were incubated with a rabbit Polyclonal anti-P2X2 antibody (1:500; Abcam) and a mouse monoclonal anti-P2X3 antibody (1:500; Santa Cruz; Dallas, TX, USA) diluted in PBS overnight at 4°C. The slides were washed in PBS three times and incubated with fluorescent goat anti-rabbit tetramethylrhodamine (TRITC) and goat anti-rat FITC secondary antibody (1:100, Boster) in the dark at 37°C for 80-90 minutes. The sections were washed three times in PBS before they were mounted in anti-fluorescent tablets and cover-slipped. The sections were then examined using fluorescence microscopy.
Quantitative real-time polymerase chain reaction
Dorsal root ganglia (DRGs) were isolated immediately and maintained in RNAlater ® RNA Stabilization Reagent (QIAGEN; Shanghai, China). Total RNA samples were prepared using TRNzol Universal Reagent (Beijing Tiangen Biotech Co.). cDNA synthesis was performed using 2 µg of total RNA using the FastQuant RT Kit (with gDNase) (Beijing Tiangen Biotech Co). The primers were designed using Primer 
Western blotting
The DRGs were homogenized by mechanical disruption in radioimmunoprecipitation assay lysis buffer containing the protease inhibitor phenylmethane sulfonyl fluoride (100:1) and incubated on ice for 30 minutes. The homogenate was then centrifuged at 12,000 rpm for 10 minutes and the supernatant was collected. The supernatant was diluted with 6× loading buffer and heated to 95°C for 5 minutes. Proteins in samples
containing equal amounts of protein (30 µg) were separated using a Bio-Rad 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis system and transferred to polyvinylidene fluoride membranes using the same system. The membrane was blocked with 5% non-fat dried milk in 1× Tris-buffered saline containing Tween-20 (TBST) for 2 hours at room temperature. The membrane was then incubated with a rabbit Polyclonal anti-P2X2 antibody (1:1,000, ABclonal; Wuhan, China), a mouse monoclonal anti-P2X3 antibody (1:1,000, Santa Cruz) or a mouse monoclonal anti-β-actin antibody (1:5,000, ABclonal) in blocking buffer overnight at 4°C. The membranes were washed 3 × 10 minutes with 1× TBST and incubated for 1 hour at room temperature with a horseradish peroxidase-conjugated secondary antibody (goat anti-rabbit IgG or goat anti-mouse IgG) (1:5,000, ABclonal) in blocking buffer. After another wash cycle, the labeled proteins were visualized using enhanced chemiluminescence and a Bio-Rad system. The band intensity was quantified using
Image-Pro Plus software. The relative band intensities of the target proteins were normalized to those of the respective β-actin internal controls［21］.
Statistical Analysis
The results are expressed as the means ± standard errors of the mean of the different groups. Statistical analysis of the data was performed using SPSS 17.0 software (SPSS; Chicago, IL, USA). Statistical comparisons were performed using one-way analyses of variance followed by Fisher's post hoc tests for multiple comparisons. For all of the statistical tests, the significance level was set at P < 0.05.
Results
The effects of SC/MC-SC transplantation on MWT and thermal withdrawal latency in CCI model rats
Starting on the second day after surgery, the MWT and thermal withdrawal latency (TWL) began to decrease in all animals, except for those in the Sham group. The MWT and TWL were lower in the CCI group than in the Sham group (P < 0.01), but they remained higher in the CCI+SCs and CCI+MC-SCs groups than in the CCI group (P < 0.01). The MWT and TWL were higher in the CCI+MC-SCs group than in the CCI+SCs group (P < 0.05) (Figs. 1A and 1B) .
Comparison of sciatic nerve ultrastructure in rats from different groups
Fourteen days after surgery, we studied the myelin sheath of the sciatic nerve using TEM. In the Sham group, the myelin sheaths appeared dense and uniform, had an intact structure, and had regular and well-defined patterns. The myelin sheaths were arranged concentrically and the axons were intact. In addition, the visible neurofilaments, microtubules, and mitochondria had normal structures. However, in the CCI group, the myelinated lamellae of the nerve fibers of the sciatic nerve were completely separated. In addition, we observed edema fluid and disintegrated fragments. Some of the myelin sheaths showed plaque demyelination, segmental demyelination, axonal atrophy and swelling, disappearance of mitochondrial cristae, telangiectasia and congestion, or inflammatory cell infiltration. There were no changes in myelin in the sciatic nerve in the CCI+SCs group, although typical segmental and plaque demyelination was occasionally observed. Some neuronal mitochondria had lower numbers of cristae and some axons were atrophied. The sciatic nerves in rats in the CCI+MC-SCs group were full of myelinated fibers with a uniform myelin sheath thickness. Nevertheless, the myelin sheath was occasionally loosened. Most of the mitochondria associated with the neurofilaments had normal morphology (Fig. 2) .
Effects of SC/MC-SC transplantation on P2X2/3 receptor co-expression as determined using double immunofluorescence in DRGs from the L4-5 level in CCI model rats
The co-expression of P2X2/3 receptors in DRGs was assessed using double-label immunofluorescence. The co-expression of P2X2/3 receptors in the CCI group was more intense than that in the Sham and CCI+SCs/MC-SCs groups (Fig. 3A) . The ratio of P2X2/3-immunolabeled cells to total cells was significantly increased in the CCI group when compared to the Sham group (p < 0.01). There was a decrease in the ratio of P2X2/3-positive cells in the CCI+SCs/MC-SCs groups when compared to the CCI group (p < 0.01). The ratio of P2X2/3-immunolabeled cells was lower in the CCI+MC-SCs group than in the CCI+SCs group (p < 0.05) (Fig. 3B) .
Effects of SC/MC-SC transplantation on the expression of P2X2/3 mRNA in
L4-5 DRGs in CCI model rats
The expression levels of P2X2/3 mRNA were measured using real-time PCR. P2X2/3 mRNA expression was higher in the CCI group than in the Sham group (p < 0.01).
The expression levels of P2X2 mRNA in the CCI+SCs/MC-SCs groups were lower than that in the CCI group (p < 0.05). No difference was found between the CCI+SCs group and the CCI+MC-SCs group (p > 0.05) (Fig. 4A) . However, the expression levels of P2X3 mRNA in the CCI+SCs/MC-SCs groups were lower than that in the CCI group (p < 0.01). In addition, the expression levels of P2X3 mRNA in the CCI+MC-SCs group was lower than that in the CCI+SCs group (p < 0.05) (Fig. 4B ).
Effects of SC/MC-SC transplantation on the expression of P2X2/3 protein in
L4-5 DRGs in CCI model rats
The expression levels of P2X2/3 protein were measured using Western blotting (Fig.   5A ). The optical density values for P2X2/3 protein expression were increased in the CCI group when compared to the Sham group (p < 0.05). The expression levels of P2X2/3 protein in the CCI+SCs/MC-SCs groups were lower than that in the CCI group (p < 0.01). In addition, the expression level of P2X2/3 protein in the CCI+MC-SCs group was lower than that in the CCI+SCs group (p < 0.05) ( Fig. 5B and 5C).
Discussion
Previous studies have reported the transplantation of special cells into the host's central nervous system (including the subarachnoid space). In these studies, sustained secretion of neuroactive analgesic substances, such as enkephalin and β-endorphin, by the surviving transplanted cells resulted in a longer duration of analgesia［22,8］. SCs are important in recovery from peripheral nerve injury and are valuable in tissue engineering for the production of artificial neurons［11,12］. In the present study, we transplanted SCs in a suspension into the region surrounding the injured nerve in a rat model of sciatic CCI. We then assessed nociception by measuring the MWT and TWL. We also measured P2X2/3 receptor co-expression in rat L4-5 DRGs using double-label immunofluorescence. We also studied changes in P2X2/3 mRNA
expression and protein levels in the DRG using quantitative real-time PCR technology and Western blotting analysis. We showed that SC and MC-SC transplantation reduce P2X2/3 receptor expression in L4-5 DRGs. We propose the following mechanisms for the above observation: (1) SCs alter the local microenvironment by secreting various neurotrophic factors that contribute to neuronal survival and axon regeneration ［13,14］; (2) these glia promote angiogenesis in the injured area and reduce the formation of myelin sheaths around peripheral axons［15］; and (3) transplantation of SCs can reduce secondary damage due to inflammation and nerve injury, and promote the restoration of injured sciatic nerves in rats.
Expression levels of the P2X2/3 receptor in L4-5 DRGs were assessed on the 7th and 14th days after the injury in a previous report and in our preliminary experiment ［10］ .
It was found that the changes were especially obvious on the 14th day after surgery in both groups that received SCs, but particularly in the CCI+MC-SCs group. This may be because the highly biocompatible polymer microcapsules are semipermeable, allowing the creation of an immune barrier between the suppressor and host cells.
This would in turn result in immune isolation. However, since the microcapsule generator is a self-made dual-chamber sprayer, production of the gelled microspheres may have disadvantages such as a low microcapsule formation rate and uneven size of microcapsules.
In summary, transplantation of SCs or MC-SCs not only has therapeutic effects on nerve repair and damage, but also diminishes immunological rejection. Nevertheless, how SCs/MC-SCs specifically affect P2X2/3 receptor-mediated neuropathic pain warrants further investigation. The survival time of SCs and how they migrate around the injury in the sciatic nerve in rats, as well as the mechanism underlying the analgesic effects of SCs in microcapsules still require further in-depth discussion.
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Fig. 2 Changes of sciatic nerve ultrastructure in rats of different groups
Ultrastructural changes of the sciatic nerve in the different groups were assessed using an electron microscope at 1700x, 5000x, and 11,500x magnification. B. The ratio of the P2X2/3-immunolabeled cells in the CCI group was significantly increased when compared to that in the Sham group (p < 0.01). This ratio was significantly lower in the CCI+SCs/MC-SCs group than in the CCI group (p < 0.01).
The ratio of the P2X2/3-immunolabeled cells in the CCI+MC-SCs group was significantly lower than that in the CCI+SCs group (p < 0.05). **p < 0.01 compared to the Sham group, ##p < 0.01 compared to the CCI group, and &p < 0.05 compared to the CCI+SCs group. B. The CCI group had the highest P2X3 receptor mRNA expression, followed by the CCI+SCs, CCI+MC-SCs, and Sham groups. **p < 0.01 compared to the Sham group, ##p < 0.01 compared to the CCI group, and &p < 0.05 compared to the CCI+SCs group. 
